Biocomposites are sensitive to water, and previous work on flax reinforced PLLA showed a large drop in mechanical properties after immersion (Le Duigou et al. 2009 ). Unreinforced PLLA was much less sensitive. This paper presents a strategy to reduce the influence of wet ageing by adding extra layers of PLLA on the biocomposite surface. Weight gain measurements show that a PLLA coating 350 μm thick reduces weight gain by half, and biocomposite stiffness and strength after ageing are improved by 100% compared to uncoated composite behaviour. Thermal analysis and microscopic examination are used to show damage mechanisms with and without protection. Property changes are shown to be quasilinearly related to weight gain.
Introduction
The pleasure boat industry generates large amounts of waste due to widespread use of glass fibre reinforced polyester composites. These materials pose end-of-life treatment difficulties, as glass fibres are very difficult to break down. They are also produced from nonrenewable resources. The development of biocomposites (associating natural fibres and biopolymers) is one alternative. For example, the flax/PLLA biocomposites show similar mechanical behaviour [1, 2] , combined with low environmental impact compared to glass/polyester composites due to the use of flax fibres [3, 4] . They are also recyclable after use, being based on a thermoplastic matrix [5] , and can be composted at the end of their useful life [6] .
However, there are some negative aspects. Natural fibres used as reinforcements are sensitive to high temperatures [7] and to water [8, 9] . Their properties are also rather variable (according to growth conditions and variety) [10, 11] . When they are exposed to severe environmental conditions (immersion in sea water, e.g), several studies [12] [13] [14] have shown that biocomposites undergo degradation related to high water uptake, including hydrolysis, swelling, matrix cracking, and fibre/matrix debonding.
The conservation of biocomposite properties in such environments is thus a major issue if they are to be used in external applications. Different strategies can be developed to reduce water uptake in these materials. For example, chemical treatments [15] [16] [17] or physical treatments [16] of fibres are possible.
Another approach, used by Hu et al. [13] to protect jute/Poly (L-Lactic) Acid, is to apply an external film, 100 μm of polypropylene in their case. Tests were performed at 70
• C at 100% humidity and the film resulted in lower weight gain (11.5% compared to 15.7% without the film) while conserving higher mechanical properties. This is a similar approach to the use of external gelcoats on traditional composites. However, if we are to use such coatings on biocomposites they must also respect the environment. Gel coats are generally filled, coloured isophthalic polyester or vinyl ester resins; such materials are not compatible with the biosourced components of biocomposites as they come from nonrenewable resources and make end-of-life management by recycling or composting difficult. In a previous study [12] , it was shown that PLLA absorbs little water during immersion (around 1% by weight after 3 months in seawater at 40
• C). Also, as shown by Tsuji and 2
International Journal of Polymer Science Suzuyoshi [18] , its mechanical properties change little after immersion. In order to benefit from these results, a method to place excess layers of PLLA film on the outer surfaces of flax/PLLA composites has been developed in order to provide a protective layer similar to a gel coat. The moulding of the biocomposite and coating is carried out in one operation. After use, the component is still recyclable and can be composted. The aim of the present study is to evaluate whether such coatings can effectively protect biocomposites by varying the coating thickness and analyzing the effects on mechanical and thermal properties after ageing in seawater.
Material and Methods

Materials.
The reinforcements studied here are flax fibre mats. The flax fibres were grown in France and plants were subjected to dew retting before mechanical stripping and hackling. Flax mats were manufactured using a semiindustrial paper-making route [19] (pilot scale). Fibre length was 10 ± 1 mm, which results in a high aspect ratio (L/d ≈ 470) due to separation of fibre bundles during the process. The surface weight of the flax mats was around 230 g/m 2 and no physical or chemical pretreatments were used.
The biopolymer matrix was Poly-L-(lactic) acid PLLA of molecular weight (M n ) 63000 g/mol produced by Natureworks.
Manufacturing.
Biocomposite plates (280 × 200 mm 2 ) were manufactured at high temperature by moulding in a vacuum bag in order to be able to obtain parts with complex geometry. The stack of PLLA films and flax mats was placed between two waxed steel plates in order to obtain smooth surfaces. The vacuum bag was placed over them and sealed with a joint, as for thermoset composites, and a vacuum was applied (∼0.95 Bars). The manufacturing protocol is described elsewhere [20] . Fibre weight content was around 39%. Biocomposite plate edges were protected from water penetration with a silicone mastic layer.
Neat PLLA plates (200 × 200 mm 2 ) were produced with a similar protocol.
Experimental Methods
Water Uptake.
Ageing tests were performed in 60 litre capacity temperature controlled water baths. These were filled with natural seawater, pumped from the Brest Estuary (West France) and continuously renewed. As for previous studies [12] bath temperatures of 20 and 40
• C were used. Temperatures above 20
• C are used to accelerate the ageing mechanisms.
Biocomposite plates were immersed, removed periodically, the surfaces dried, weighed and replaced in the water baths. Weight gains were determined as a percentage of initial weight using the expression (1):
where W t is the weight of the sample as a function of time (t) and W 0 is the initial sample weight. For each ageing temperature and duration 5 samples were dried until constant weight was reached under vacuum at room temperature (to avoid crystallization). This provides an indication of the reversibility of changes noted after ageing.
Thermal Analysis (DSC).
Thermograms were obtained using a Mettler Toledo DSC. Calibration was performed with indium and tin in the temperature range (+15 to +350
• C). Three samples of approximately 10 mg of neat PLLA and biocomposite were analysed in order to get statistical results. The biocomposite coupons were taken at midthickness of the biocomposite for each condition in order to evaluate changes in the composite not the protective layers and were analysed in aluminium pans. All samples were first heated to 190
• C for 3 minutes to remove thermal history in order to examine the irreversible degradation. All the peak temperatures measured (T c , T m ) have an accuracy of ±0.5
• C. Nonisothermal crystallization and melting temperatures, T c and T m , respectively, were determined from the crystallization peak extrema in experiments at heating/cooling rates of ±20
• C/min. Subsequent melting temperatures were obtained from the melting peaks maxima measured at a heating rate of 20
• C/min. Melting enthalpies were determined using constant integration limits.
Mechanical Analysis.
The tensile specimen is a dogbone geometry 100 mm long with central section dimensions of 7 by 2 mm 2 (according to ISO 527). Quasistatic tensile tests were performed at a temperature of 23
• C and 48% relative humidity. Samples were loaded at 1 mm/min. An extensometer with 25 mm gauge length was used to measure strain.
Scanning Election Microscopy (SEM).
Fracture surfaces of samples aged for different periods were examined in a Jeol JSM 6460LV Scanning Electron Microscope. The samples were sputter-coated with a thin layer of gold in an Edwards Sputter Coater.
Results and Interpretation
Measurement of the PLLA Protective Layer
Thickness. The use of vacuum bag moulding, in contrast to film stacking with heating plates [12] , requires a layer of PLLA on the outer surfaces in order to avoid porosity. This is probably the result of the low applied pressure, as this type of reinforcement requires higher pressures [21] . The baseline reference material (Figure 1(a) ) was developed after a series of trials in order to optimize the reduction of porosity and increase mechanical properties. As a result, it already has a thin PLLA surface layer, which is 192 ± 26 μm thick (Figure 1(a) ). The variability of this thickness is caused by the heterogeneous nature of the flax fibre reinforcement, 25 measurements were made to determine this value. Thicker PLLA coatings were obtained by adding additional Adding 120 μm of PLLA resulted in a total thickness of 350 ± 7 μm (Figure 1(b) ), while with 240 μm, a total protection layer of 452 ± 50 μm was obtained (Figure 1(c) ). These thicknesses are comparable to those of the gel coats used on boat hulls (a few tenths of a millimeter [22] ). Figure 2 shows how the addition of PLLA protective layers affects the weight gain of biocomposites during immersion at 40
Evolution of Weight during Ageing.
• C. The PLLA alone is rapidly saturated, at a weight gain of around 1%, as noted elsewhere [23] .
Under the same immersion conditions the weight gain of the biocomposites protected by 192 μm of PLLA is higher by a factor of 10, due to the flax fibres hydrophilicity [24, 25] . However, a saturation plateau is not reached even after 3 months in water, in contrast to previous results [12] . This difference is caused by the manufacturing process; film stacking in a press and machined specimen edges were used previously which allowed the external PLLA layer thickness to be reduced and fibres to be directly in contact with water.
As shown in a previous study by Davies and Choqueuse [22] on carbon/epoxy composites, the PLLA layers are not a barrier to water but slow down the diffusion process, reducing the maximum weight gain by a factor of 2. However, the difference between the two coating thicknesses of 350 and 452 μm is small. This may be due to damage development and will be examined in Section 3.4. • C) whereas the melting enthalpy tends to increase especially at 40
Evolution of Thermal and Mechanical Properties during
• C (+300%).
This phenomenon can be attributed to recrystallization, which involves a modification of the crystalline structure of the polymer. It has been reported previously for PET [26] . According to Foulc et al. [26] recrystallization is related to irreversible degradation mechanisms such as chain breakage due to hydrolysis of ester functions. Thus, smaller chains become more mobile, and the crystalline structure is modified. Previous work on PLLA [12] has highlighted a reduction by 48% of molar mass during seawater immersion at 40
• C, confirming chain breakage. Table 1 shows the mechanical property data for the matrix polymer after 3 months in sea water at 20
• C and 40
• C. These results indicate an increase in Young's modulus of between 7% and 29% according to the temperature. The break stress drops by 15% and 48% after immersion at 20
• C, respectively. Failure strain is unchanged by immersion at 20
• C but drops by half at 40 • C. These trends can be explained by the hydrolysis phenomenon which affects the structural properties of PLLA. Concerning the Young's modulus evolution, the increase of melting enthalpy during immersion can compensate the consequences of chain breakage (Figure 3(b) ). 
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Comparing these results with those from a previous study on PLLA from another supplier (Biomer L9000) [12] , reveals faster degradation here, resulting probably from a lower initial molar mass (M n = 63 000 compared to 101 000 g/mol previously).
Seawater immersion induces complex mechanisms. Indeed, DSC results (Figures 3(a) and 3(b) ) have shown irreversible degradation, while tests on PLLA after drying (not shown here) indicated complete recovery of initial properties up to 15 days immersion at both temperatures. Hence, both reversible ageing due to plasticization, appearing after short immersion times and permanent degradation (hydrolysis) occur during immersion. Figures  4(a) and 4(b) ) reveals how the structure of the PLLA matrix in the biocomposite changes with immersion time.
Flax/PLLA Biocomposites. Analysis by DSC (
The results show a small decrease of glass transition temperature with 192 μm covered layer (Figure 4(a) ) and a large increase in melting enthalpy of the composites with 192 μm thick PLLA compared to those protected by 350 and 452 μm layers. As explained in Section 3.3.1, the decrease of T g and increase of melting enthalpy can be explained by irreversible degradation of the matrix. The trend observed underlines the ability of the PLLA coating to slow down the degradation by hydrolysis due to reduction of water uptake (Figure 1 ). Once again results for 350 and 452 μm PLLA are similar. Figure 5 shows the evolution of the mechanical properties, apparent stiffness and load bearing capacity, of the biocomposites after immersion. These properties are simply calculated using the reference sample thickness, so the influence of the coating layers is neglected.
There is a clear drop in apparent stiffness, of between 40% and 60% according to the material ( Figure 5 ) during the first month of immersion. Thereafter, the decrease in stiffness is less pronounced, particularly for the thicker coatings. The load bearing capacity (force flux) trend is similar.
Loss of mechanical properties can be due to chemical degradation of the PLLA matrix as evidenced by DSC measurement. Due to multicomponent system, degradation of reinforcement and interfacial area may have also occurred. Further details on the degradation mechanism are evaluated in Sections 3.4 and 3.5. The protective layers clearly limit the drop in properties. Thus, after 3 months the specimens with 350 and 452 μm thick PLLA coatings retain half their initial stiffness and 40% to 50% of their load-bearing capability. The difference between the results for 350 and 452 μm thicknesses is small, as expected from the weight gain measurements. Figure 6 shows how the mechanical response of biocomposites with different coatings tested in tension vary with ageing in sea water at 40
Damage Mechanisms.
• C. One has to keep in mind that in composite with random in-plane oriented reinforcement, the loss of linearity corresponds to damage in the area where the reinforcement is oriented transversally to the loading direction. Interfacial properties between flax and PLLA influence the loss of linearity onset.
The changes in mechanical behaviour with immersion noted here confirm those measured in a previous study [12] with a loss of linearity of the stress-strain plot. This is the result of permanent damage such as fibre-matrix debonding and delamination due to differential swelling between flax and PLLA [12] . Degradation of flax fibres has been shown [12] . Figure 6 clearly shows the advantage of adding a PLLA coating to delay mechanical degradation. However, this coating does modify the damage mechanisms with first damage appearing at the surface (Figure 7 ). This has already been observed on common gel coat [27] . Thus, after 15 days' immersion cracks are noted at the surface, causing a sawtooth form to appear on the force-strain plots (highlighted by ellipses on Figure 6 ). This is a consequence of the drop in PLLA properties (ε = 0.7 ± 0.2% after 3 months, Table 1 ). With a thicker coating the first damage is detected earlier, suggesting that there is a practical upper limit to the thickness of PLLA which can be added. The surface crack density is much higher for the thinner coating. The appearance of these cracks will lead to an acceleration in weight gain and explains the drop in mechanical properties.
Then SEM images ( Figure 8 ) illustrating damage in the biocomposites after 3 months in seawater at 40
• C show that the specimens with 192 μm PLLA damage globally (cracks in the PLLA matrix, debonding, fibre break, etc.). For thicker coatings (350 and 452 μm), damage is more local with delamination between the biocomposite and the PPLA surface layer (red rectangle in Figure 8 ). Differential swelling between the biocomposite and the coating layers may cause this delamination.
Influence of Drying and Correlation with Water Uptake.
Some specimens were dried until constant weight was reached before testing in order to distinguish between reversible and permanent ageing damage. Figure 9 shows how the mechanical properties of the biocomposites vary after ageing ((a) apparent stiffness and (b) force flux).
The results on Figures 9(a) and 9(b) show that drying enables stiffness properties to be recovered, at least up to 4% weight gain but not strength. This highlights that reversible (plasticization) and irreversible phenomenon (hydrolysis, debonding, etc.) are occurring simultaneously.
It is also interesting to note the influence of coating. Indeed, drying of coated biocomposites does not result in as much stiffness recovery as uncoated materials for a given weight gain. This is probably due to the additional damage in the zone between the coating and the composite (Figure 7) .
Finally, the results in Figures 9(a) and 9(b) show that the relationship between mechanical properties and weight gain is close to linear. This underlines the importance of restricting water entry by suitable coating strategies. It also suggests that predictions of the durability of these materials can be made quite simply, by coupling a diffusion model to obtain the water profile in the material with a linear property loss-water dependency. Similar coupled models have been applied for ageing of other materials [28] .
Conclusion
In a previous study [12] , large weight gains after ageing were shown to result in a large drop in flax/PLLA biocomposite mechanical properties. In parallel, the properties of PLLA were shown to remain quite stable after ageing. The aim of the present work was to evaluate the benefits after ageing of the addition of extra PLLA layers to the surface of a flax/PLLA biocomposite, in a similar way to the gel coats used to protect traditional glass reinforced composites from marine ageing. A major advantage of this approach is that the coating can be added during moulding so that extra operations are not necessary, and the end-of life management remains unchanged. Weight gain measurements show that the addition of PLLA (350 and 452 μm thick) slows the weight gain by a factor of 2. The analysis of thermal and mechanical properties of the biocomposite after immersion shows that the protective layers reduce hydrolysis of the matrix and the retained composite properties are improved by 100% compared to those of the unprotected reference material. This is a first approach to improving the durability of biocomposites for marine applications while retaining an environmentally friendly strategy. Addition of a thick PLLA coating results in a new damage mechanism, surface layer cracking, and this highlights the need for a more ductile (and UV resistant) coating layer. Further work is underway in this direction.
